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StoichiometricAbstract This research work presents the efﬁciency of the TiO2 and Ag–TiO2 thin ﬁlms prepared
by the sol–gel method and coated onto the surface of 304 stainless steel sheets used in the photo-
catalytic nitrate reduction processes. The Ag–TiO2 thin ﬁlms had the weight by weight (w/w) ratio
of Ag+/TiO2 of 0.1% as Ag atom. The XRD results showed that the crystalline phase structure of
TiO2 on the Ag–TiO2 thin ﬁlms was anatase. The optical band gaps of the TiO2 and 0.1% Ag–TiO2
thin ﬁlms were respectively 3.27 and 2.70 eV, while the surface of the prepared catalysts was hydro-
phobic with the respective average water contact angles of 94.8 and 118.5 for the TiO2 and 0.1%
Ag–TiO2 thin ﬁlms. The net efﬁciencies of photocatalytic nitrate reduction of TiO2 and 0.1%
Ag–TiO2 were 41.4% and 70.0%, respectively. The loading of Ag only inﬂuenced the nitrate
removal efﬁciency without affecting the stoichiometric ratio of formate to nitrate. The net
stoichiometric ratio of formate to nitrate of all experiments was 2.8:1.0, which is close to the
stoichiometric ratio of 2.5:1.0 of the nitrate reduction to nitrite and then to nitrogen gas.
ª 2014 King Saud University. Production and hosting by Elsevier B.V.D license.1. Introduction
A number of research studies have reported that the photocat-
alytic reduction of nitrate in the aqueous solution could be
achieved with high efﬁciency using various types of photocat-
alysts. Of various photocatalysts, titanium dioxide (TiO2) and
TiO2 modiﬁed with various co-catalysts, such as iron and sil-
ver, were found to be the most efﬁcient for nitrate reductionwith high selectivity toward the reaction pathway that
generates nitrogen gas, which is a harmless by-product
(Anderson [1]).
Most existing research works on the photocatalytic nitrate
reduction used the suspended photocatalysts in the aqueous
solution. Nonetheless, if the reuse of the photocatalysts is
planned this method presents itself with a major drawback
as it requires additional processes, such as ﬁltration or centri-
fugation, to separate and retrieve the photocatalysts from the
aqueous solution. Meanwhile, many other studies reported
that photocatalysts coated as a thin ﬁlm on the surfaces of
materials were suitable for the treatment or removal of pollu-
tants in the gas–solid phase [15,17,24]. The thin ﬁlm photocat-
alysts are nevertheless infrequently used for the photoreaction
in the aqueous solution since the thin ﬁlm photocatalysts
might not be as effective as those suspended in the aqueous
solution. This is mainly because only a portion of the surface
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substances, thereby limiting the amount of photocatalysts that
could take part in the reaction [9].
Another requirement of the photocatalytic nitrate reduc-
tion processes is the addition of simple organic compounds
which would act as an electron hole scavenger that provides
electrons to ﬁll the electron holes in the valence band. Previous
studies reported that formic acid is one of the most efﬁcient
hole scavengers for nitrate reduction over TiO2 [5,21,24].
This research study aims to demonstrate the efﬁciency of
the coated TiO2 and Ag–TiO2 in photocatalytic nitrate reduc-
tion with formic acid as the hole scavenger and UV-A as photo
energy. In this work, TiO2 and Ag–TiO2 prepared by the sim-
pliﬁed sol–gel technique were separately coated to form thin
ﬁlms on the surface of stainless steel sheets. The reason why
we chose 304 stainless steel sheets is because it has good com-
bination of strength and plasticity, excellent corrosion resis-
tance, and it has been used widely in many industrial
applications. The physical properties of the thin ﬁlm photocat-
alysts, including crystalline phases of TiO2, surface morphol-
ogy, composition of the thin ﬁlms, contact angles and band
gaps, are detailed. By providing large surface area of the
coated catalyst ﬁlms in our system, the issue of low perfor-
mance due to the limited catalyst amount for the photo reac-
tion could be solved and a better performance was achieved.
2. Experiment
2.1. Materials
The chemicals used in this study were titanium tetraisopropox-
ide (TTIP, >99.999%, Sigma–Aldrich) as the TiO2 source and
isopropanol (C2H7O, >99.5%, Sigma–Aldrich) as the solvent
for the preparation of TiO2 nanoparticle. Silver nitrate
(AgNO3, >99%, Sigma–Aldrich) was used as the Ag source.
Hydrochloric acid (HCl, 37%, Merck) and nitric acid
(HNO3, 65%, Merck) were used to adjust pH for the prepara-
tion of TiO2 and Ag–TiO2 sol–gel solution. Potassium nitrate
(KNO3, >99%, Merck) was used as the nitrate source while
formic acid (HCOOH, >95%, Sigma–Aldrich) was used as
the formate source. The solutions were prepared using deion-
ized water.
2.2. Methods
2.2.1. Preparation of TiO2 and Ag–TiO2
The TiO2 thin ﬁlms were prepared by dip coating the acid cat-
alyzed sol–gel with TTIP as a precursor onto the surface of 304
stainless steel sheets (40.0 · 85.0 · 0.3 mm) according to the
processes described by Rojviroon et al. [19]. For the prepara-
tion of Ag–TiO2 thin ﬁlms, silver nitrate (AgNO3) solution
(prepared by dissolving AgNO3 in deionized water) was added
into the original acid catalyzed sol–gel used for the preparation
of the TiO2 thin ﬁlms, with the w/w ratio of Ag
+/TiO2 of 0.1%
as Ag atom. Afterward, the solution pH was adjusted with
concentrated nitric acid to the 2–3 pH range. The solution
was then stirred at room temperature in a coating chamber
[20] with constant ﬂow of nitrogen gas for 1 h before use. Sub-
sequently, the Ag+/TiO2 sol–gel solution was coated onto the
stainless steel sheets according to the method described by
Rojviroon et al. [19]. In this research study, the coating ofTiO2 and Ag–TiO2 to form thin ﬁlms on the surface of stain-
less steel sheets comprised of 5 layers each.
2.2.2. Characterization of the photocatalysts
The X-ray diffraction (XRD) patterns were obtained from
samples of the stainless steel sheets coated with 0.1% Ag–
TiO2 with a Bruker model D8 Advance equipped with a Cu
Ka radiation at a scan rate of 0.02 s1. To verify the compo-
sition of the thin ﬁlms, the elemental analysis was performed
using X-ray Fluorescence (XRF) (Horiba XGT-2000 W) with
the X-ray tube and the current parameters set to 15 kV and
1 mA.
The optical band gap of the thin ﬁlms was determined with
a UV–Vis diffuse reﬂectance spectroscopy (DRS) in the 290–
800 nm range of wavelength (Lamda 650 Perkin Elmer)
equipped with a 150 mm diameter Spectralon integrating
sphere. To estimate the band gap energies, the absorption on-
sets of the samples were determined by linear extrapolation
from the inﬂection point of the curve to the baseline (Ge
et al. [8], [3]). The band gap, Eg, was obtained from a linear
regression of (ahm)1/2 against hm with extrapolation to zero
(Eq.(1), often called a Tauc plot) (e.g. [22,23]).
ðahmÞ1=2 ¼ Aðhm EgÞ ð1Þ
where a is the absorbance, unitless; hm is photon energy, eV; A
is an independent parameter of the photon energy for the
respective transitions, eV; Eg is the band gap, eV.
The surface properties of the thin ﬁlms were examined by
the Atomic Force Microscopy (AFM) technique (Asylum
research MFP-3D-BIO). The surface area of the thin ﬁlms
and the root mean square (RMS) average roughness were
determined by the Gwyddion software program, version
2.22 (http://gwyddion.net). The grain size was measured
directly from cross sectional AFM images at the base of each
grain.
The changes of the water contact angles were monitored by
the sessile drop method (Surface Energy Evaluation (SEE) Sys-
tem, Advex Instruments). Static contact angle measurements
by the sessile drop method were measured using a set of stan-
dard testing liquids at ambient temperature, 22 C and 60%
relative humidity. The data analysis was performed via SEE
System software. Each resulting contact angle was an average
of 5 measured values that were recorded 30 s after reposing
each drop of 5 lL volume on the sample surface.
2.2.3. Photocatalytic activity test
Photocatalytic reactions were performed in the photoreactor
(Fig. 1) fabricated from a 5-L cylindrical borosilicate glass of
3 mm thick with the working volume of 4.5 L. The reactor
was irradiated with three 15 W black-light bulbs. Black-light
bulbs, i.e. UV-A bulbs, were selected as the light source in this
study as they are less hazardous and produce less heat in com-
parison with the mercury and xenon lamps. In addition, the
stoichiometric requirements for formate are reported for both
TiO2 and Ag–TiO2 thin ﬁlms. After ﬁlling the reactor with the
synthetic solutions, the average UV light intensity in the pho-
toreactor was 125 lW/m2. The light intensity was measured by
UV-light meter (Model UV-340) at the center of the rector.
The top and the bottom parts of the reactor were made of ac-
rylic. Inside the reactor, twelve coated stainless steel sheets
were mounted at three locations, with four sheets at each
Figure 1 The schematic of the photoreactor for nitrate reduction.
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The coated stainless steel sheets acted as the photocatalyst sur-
faces as well as mixing paddles. Throughout the experiment,
the motor velocity was maintained at 60 rpm. The top cover
contained two gas valves and two sampling ports. The ﬁrst
gas valve was used to feed nitrogen gas to displace oxygen
while the second gas valve was used to release gases out of
the reactor. The water samples were collected from the two
sampling ports that withdraw water from two different depths.
The analytical results of the water samples from both levels
were averaged and used as the representative results of the en-
tire reactor.
The synthetic water was prepared by added potassium ni-
trate and formic acid (i.e. the hole scavenger) in deionized
water. The initial concentrations of nitrate and formic acid
were 7.14–59.3 mM, respectively, to provide the initial ratio
of formate to nitrate of 8 to 1, as per the stoichiometric ratio
described by Rengaraj and Li [18]. Water samples were period-
ically collected every 30 min from the beginning of the experi-
ment until 360 min. The concentrations of nitrate, nitrite,
ammonium and formate in the water samples were measured
with the Dionex DX-120; AS12A column, Dionex IonPacCS10 column, Dionex IonPac; AS11-HC column ion chroma-
tography, respectively.
Two additional sets of control experiments were also car-
ried out. The ﬁrst set was the experiments in which the un-
coated stainless steel sheets were employed to verify whether
the nitrate reduction could occur under only UV light without
the photocatalysts. Meanwhile, the second set involved the
experiments with UV light and both types of catalysts (i.e.
TiO2 and Ag–TiO2) under the normal experimental conditions
except that no nitrate was added to the synthetic water to
determine the loss of formic acid from the system due to the
photocatalytic process.
The nitrogen selectivity S(N2) was calculated from the bal-
ance of nitrogen by-products (NO2 and NH
þ
4 ) analyzed in
solution, according to Eqs. (2)–(4) [6].
SðNO2 Þ ¼ ½NO2 =ð½NO3 0  ½NO3 tÞ ð2Þ
SðNHþ4 Þ ¼ ½NHþ4 =ð½NO3 0  ½NO3 tÞ ð3Þ
SðN2Þ ¼ ð½NO3 0  ½NO3 t  ½NO2 t  ½NHþ4 tÞ=ð½NO3 0
 ½NO3 tÞ ð4Þ
Figure 3 The XRF spectrum of 0.1% Ag–TiO2 thin ﬁlm coated
on a 304 stainless steel sheet.
294 K. Kobwittaya, S. Sirivithayapakornwhere [X]0 is the concentration at time = 0 and [X]t is the con-
centration at time = t.
In addition to the selectivity of nitrogen compounds, the
stoichiometric requirements of formic acid were also calculated
for the nitrate reduction under both TiO2 and Ag–TiO2.
3. Results and discussion
3.1. Characteristics of the thin ﬁlms
As shown in Fig. 2, the XRDpatterns of the 0.1%Ag–TiO2 thin
ﬁlms showed the prominent peaks at 2h= 25.2, the result of
which conﬁrmed the existence of the anatase phase of TiO2 in
the thin ﬁlms, similar to the XRD results of the TiO2 thin ﬁlms
previously reported by Rojviroon and Sirivithayapakorn [20]
and to other research studies that prepared the TiO2 catalyst
in the temperature range of 400–600 (e.g. Eshaghi et al. [7],
[4,25]). In addition, as witnessed in Fig. 2 the XRD patterns of
Ag–TiO2 thin ﬁlms showed peaks at 2h= 118, indicating the
presence of silver. Nevertheless, as the XRD results showed no
distinct peaks of silver due to the low silver content, the existence
of silver was thus conﬁrmed by XRF.Figure 2 The XRD pattern o
Table 1 Surface properties of TiO2 thin ﬁlms dip-coated on stainle
Surface properties
Crystalline phase of TiO2
Optical band gap, (eV)
Range of grain size, (nm)
RMS average roughness, (nm)
Apparent surface area, (m2 m2)
Total weight of TiO2 on substrate, (g m
2)
Total apparent surface area per total weight of TiO2, (m
2 g1)
Contact angle (degrees) (x  SD; n ¼ 5)The XRF spectrum of the 0.1% Ag–TiO2 thin ﬁlms coated
on a 304 stainless steel sheet is shown in Fig. 3. Since 304 stain-
less steel composes of Cr, Ni, and Fe, peaks of these elements
are also present in the XRF spectrum. The presence of an Agf 0.1% Ag–TiO2 thin ﬁlms.
ss steel substrates.
Catalysts
TiO2 0.1% Ag–TiO2
Anatase Anatase
3.24 2.70
20–250 20–150
18.25 10.96
1.09 1.06
0.16 0.13
6.81 8.15
94.8 ± 1.9 118.5 ± 1.1
Figure 4 The transmittance spectra of the TiO2 thin ﬁlms and 0.1% Ag–TiO2 thin ﬁlms.
Figure 5 Optical direct band gaps (Tauc plot) of the TiO2 thin
ﬁlms and 0.1% Ag–TiO2 thin ﬁlms.
Figure 6 AFM 3D images of the thin ﬁlms on stainless steel
sheets: (a) TiO2, (b) 0.1% Ag–TiO2.
Phtotcatalytic reduction of nitrate over TiO2 and Ag-modiﬁed TiO2 295peak conﬁrmed the successful loading of Ag onto the TiO2 thin
ﬁlms.
The optical band gaps for the thin ﬁlms are presented in
Table 1 which are analyzed by DRS (Fig. 4) and Tanc plot
(Fig. 5). As the band gap of anatase is 3.2 eV, the structure
of TiO2 in the thin ﬁlms, according to the result, was anatase.
The presence of Ag in the TiO2 thin ﬁlms greatly enhanced the
visible light transmission (increase absorption) (Fig. 4), while
narrowing the band gap from 3.24 eV to 2.70. The reason of
band gap decreasing could be due to a localized surface
plasmon resonance (LSPR) that was attributed by the silver
nanoparticles [6]. Therefore, the actual band gap of the TiO2
was the same, but it was the LSPR that added visible light
absorbance. A similar effect on the band gap was also reported
by Zhang et al. [24].
The 3D images taken with AFM of the TiO2 and 0.1%
Ag–TiO2 thin ﬁlms on stainless steel sheets are shown in
Fig. 6a and b, respectively. Data on surface morphology are
summarized in Table 1. Overall, the range of grain size was
narrower for 0.1% Ag–TiO2 in comparison to that of TiO2,
while the apparent surface areas of all thin ﬁlms are withinthe same ranges. The similar effects of silver loading on grain
size have been reported by He et al. [10], Bahadur et al. [2], and
Liu et al. [13].
The results for water contact angles on the surface of both
ﬁlms as presented in Table 1 indicate that the Ag–TiO2 thin
ﬁlms were more hydrophobic than the TiO2 thin ﬁlms. For
the metal-doped TiO2 thin ﬁlms coated on the surface of stain-
less steel, several studies showed that the water contact angle
tends to increase ([11,16] and [19]).
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3.2.1. Effect of silver-doped TiO2
Fig. 7 shows the enhanced photocatalytic activity of the
Ag–TiO2 ﬁlms compared with that of the normal TiO2 ﬁlms.
The data show that the concentrations of nitrate decreased from
7.14 to 3.87 mM in the TiO2 system and from 7.14 to 1.83 mM in
the Ag–TiO2 system, equivalent to the removal efﬁciency of
45.8% and 74.4%, respectively. However, the concentrations
of nitrate slightly decreased from 7.14 to 6.82 mM in the system
of uncoated stainless steel sheets, equivalent to a mere 4.4%
reduction. Therefore, the net removal of nitrate of the thin ﬁlms
was 41.4% and 70.0%, for TiO2 and 0.1% Ag–TiO2, respec-
tively. The calculations of the reaction kinetics as a function
of photon ﬂuence according to the method described by Doud-
rick et al. [6] showed that the reaction rate constants were
0.14 cm2/photons · 1014 for TiO2 thin ﬁlms and 0.33 cm2/
photons · 1014 for the 0.1% Ag–TiO2 thin ﬁlms (Table 2).
The formate removal also exhibited a similar pattern to the
nitrate removal. The highest removal of formate was found in
the system with 0.1% Ag–TiO2 thin ﬁlms (Fig. 7). In addition,
the results conﬁrmed the excess of formate in all experiments,
indicating that the conversion of nitrate in these experiments
was not restricted by the amount of formate. Similar ﬁnding
was also reported by Kim and Anderson [12] during the initialFigure 7 Removal of nitrate and formate in the system of TiO2
thin ﬁlms and 0.1% Ag–TiO2 thin ﬁlms.
Table 2 pH, net nitrate conversion and selectivity of nitrogen com
Catalyst Initial pH/
ﬁnal pH
Net nitrate
conversion (%)
Final NO2
selectivity (%
Blank * 2.75/3.25 4.4 0.29
TiO2 2.76/3.40 41.4 0.53
0.1% Ag–TiO2 2.75/3.74 70.0 0.52
Condition: 4.5 L solution, 100 ppm-NO3 N (7.14 mM), 0.1 g/L catalyst, s
bulbs and continuously ﬂushed with N2.
 Calculated from nitrogen compounds molar balance, assuming that no
 The black light lamp irradiance is approximately at 370 nm.
* Uncoated stainless steel sheet.period of the experiment when formate was still available in
excess amount.
3.2.2. Nitrogen compounds selectivity
The concentrations of nitrite and ammonium, both of which
are the aqueous by-products of the photocatalytic nitrate
reduction, are shown in Fig. 8. With the progression of the
reactions, the concentrations of both nitrite and ammonium
slowly increased. However, the highest concentration levels
of nitrite and ammonium were in the range of 1.5 · 102–
2.8 · 102 and 2.5 · 103–5.2 · 103 mM, respectively, thereby
indicating that both by-products were the intermediates of the
reactions and were readily converted into the ﬁnal product, i.e.
the nitrogen gas [6,18].
This research study assumed that there is no N2O genera-
tion [6]. Since very small amount of nitrite was detected in
the proposed system, we assumed gas selectivity was all N2.
Based on the selectivity (Table 2), the results indicate that
the photocatalytic reduction of nitrate under both TiO2 and
Ag–TiO2 occurred in the same fashion as previously presented
by Zhang et al. [24] and Doudrick et al. [6].
3.2.3. Stoichiometric requirements of formic acid
According to the photocatalytic nitrate reduction mechanisms
proposed by Rengaraj and Li [18], Lozovskii et al. [14] andFigure 8 Concentration proﬁles of nitrite and ammonium in the
system of TiO2 thin ﬁlms and 0.1% Ag–TiO2 thin ﬁlms.
pounds.
)
Final NHþ4
selectivity (%)
Final N2

selectivity (%)
Rate constant 
(cm2/photons · 1014)
0.16 99.6 0.01
0.09 99.4 0.14
0.10 99.4 0.33
tirring rate 60 rpm, formic acid 59 mM, three 15 W UV black-light
N2O is formed.
Figure 9 Relationships between moles of formate removal and
nitrate removal in the system of TiO2 thin ﬁlms and 0.1% Ag–
TiO2 thin ﬁlms.
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ﬁrst pathway, nitrate would be reduced to nitrite, which then
being reduced to nitrogen gas and nitrogen gas is reduced to
ammonium. This process requires 8 mol of formate to reduce
1 mol of nitrate (Rengaraj and Li [18]). Meanwhile, in the
second pathway, nitrate would be reduced to nitrite and then
to nitrogen gas, the process requires 2.5 mol of formate to re-
duce 1 mol of nitrate (Lozovskii et al. [14]; Doudrick et al. [6]).
Since both nitrite and ammonium were detected in this current
research work, it is likely that both pathways occurred concur-
rently. After obtaining the net formate removal by accounting
for the formate loss in the control experiments, stoichiometric
ratios of formate to nitrate in all experiments were approxi-
mately 2.8:1.0 (Fig. 9). The stoichiometric ratio of formate
to nitrate in our experiments was closer to 2.5:1.0, as shown
in Eq. (5). Lozovskii et al. [14] and Doudrick et al. [6] reported
that the reduction of nitrate to nitrite and then to nitrogen gas
could be described by Eqs. (6) and (7), the summation of which
would yield Eq. (5). Therefore, with the existing nitrite and the
calculated stoichiometric ratio, the main nitrate reduction
reaction in this study could be that described by Eq. (5). In
addition, the results showed that the loading of metal had an
impact on the nitrate removal efﬁciency but not on the stoichi-
ometric ratio of formate to nitrate. This thus indicated that the
reaction pathways under all conditions could be identical.
2NO3 þ 5HCOO þ 7Hþ ¼ N2 þ 5CO2 þ 6H2O ð5Þ
NO3 þHCOO þHþ ¼ NO2 þ CO2 þH2O ð6Þ
2NO2 þ 3HCOO þ 5Hþ ¼ N2 þ 3CO2 þ 4H2O ð7Þ4. Conclusion
The prepared TiO2 and Ag–TiO2 thin ﬁlms possess the desir-
able physical properties of anatase crystalline structure,
nano-sized grains and hydrophobicity, thus rendering them
suitable for application as catalysts in the photocatalytic
processes. Under the experimental conditions in this study,
the highest reaction rate constant was 0.33 cm2/photons · 1014
for the 0.1% Ag–TiO2 thin ﬁlms. Moreover, nitrite andammonium were the common intermediates found in all exper-
iments. The presence of nitrite and the consumption of formate
conﬁrmed that the main mechanism of nitrate removal was the
reduction of nitrate to nitrite and then to nitrogen gas. The
loading of silver could affect the nitrate removal efﬁciency
but had no effect on the reaction pathways.Acknowledgements
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